We use two resonant monopoles over a square 4 ft x 4 ft (1.22 m x 1.22 m) aluminum ground plane for all simulations and measurements. The monopoles are spaced 30, 40, 50, 60 and 70 cm apart. The simulation is done using Ansoft's HFSS code for frequencies from 400 to 1200 MHz. In addition, the simulation is also done for an infinite ground plane so that the edge effects can be more easily understood. The measurements were conducted for the same separations and frequencies.
Approach
The edges of the ground plane produce reflections that affect both the input impedance and radiation pattern of the antennas. For the frequency range from 400 to 1200 MHz, the separations vary from about 0.4λ for a frequency of 400 MHz and a separation of 30 cm to 2.8 λ for a frequency of 1200 MHz and a separation of 70 cm. The far field of 2 monopoles having a height of ¼ λ is conservatively 2d 2 / λ. If we assume that the height of the monopole over a ground plane is equivalent to that of a dipole in free space, then d=1/2 λ and the far field is about 1/2 λ. Thus, even for the longest wavelength and closest separation, the antennas can be considered to be in the far field of each other. The effect on the input impedance for these separations is minimal. However the effect on the radiation pattern and gain are significant.
We begin by conducting a ray tracing of the fields radiated from the transmitting antenna to the receiving antenna. If the antennas are mounted over an infinite ground plane, the gain will have a 1/r 2 dependence. It will be highest for the closest separation and will decrease monotonically for increasing frequency.
A. Computations
The computations were conducted primarily with Ansoft Corporation's HFSS 3D Electromagnetic Field Simulation, with Ansoft's Optimetrics software utilized for parameter sweeps. Two copper monopoles having a variable height and 1/16 inch diameter were spaced at separations ranging from .30 m to .70 m (at .10 m increments) while centered on a 1.22 x 1.22 m PEC ground plane. The entire structure was enclosed in a radiation boundary air box. Each monopole was modeled with a 50 Ω lumped source at its base and the scattering matrix parameters between these two ports computed. Simulations were performed at frequencies ranging from 350 to 1100 MHz, with the height of the monopoles set to be 1/4 λ for each frequency and the Optimetrics code used to parameter sweep the monopole separations. The resulting S parameters were exported into Matlab for comparisons and plotting.
For the comparison measurement set, the finite ground plane was removed and the base of the air box converted to an infinite PEC ground plane. The monopoles were then simulated at all of the aforementioned frequencies and separations. As a check, we also simulated copper monopoles over the same ranges and frequencies over an infinite ground plane using the Numerical Electromagnetics Code (NEC4), with very little variation in results.
B. Measurements
The measurements were made over a 1.22 x 1.22 meter ground plane. The transmitting and receiving monopoles were made of 3/32 inch (0.024 cm) diameter copper tubing with a 1/16 inch (0.016 cm) copper tubing insert. In this way the height of the monopole could be easily adjusted for resonance over the frequency band. The input VSWR for a resonant monopole is typically less than about 1.5 so the corresponding mismatch loss is only about 0.1 dB and falls within experimental error. The gain of the monopole is inferred from the transmission coefficient, S 21 , the power received by monopole #2 from the transmitting monopole #1.
Results

A. Theory
In Fig. 1 we show a sketch of the two monopoles separated by the distance, d., mounted on the finite ground plane. Let us first consider the radiated field from the transmitting monopole #1, to the receiving monopole #2. The direct ray travels a distance d from monopole #1 to #2. The next strongest ray is diffracted from the leading edge of the ground plane back to #2 or a distance of 2 (61 -d/2) cm. The next strongest reflections will come from the center of the side edges. There will also be multiple reflections from both the front and back edges and also from the sides of the ground plane; these will be weaker. All of these reflections will interfere with the direct wave both constructively and destructively so that instead of the gain decreasing smoothly as the separation between monopoles is increased, it will produce a quasi-sinusoidal variation superimposed on the gain for the infinite ground plane. 
B. Computations
In Fig. 2 we plot the computed power received from monopole #2 by monopole #1, if the monopoles were on both an infinite and a finite ground plane. We note that the power received increases as the wavelength becomes larger and also increases as the separation between the monopoles decreases, as expected. We see that for the finite ground plane, the power received does indeed tend to oscillate about the power received for the infinite ground plane. The period of the oscillation tends to become shorter as the separation of the monopoles is decreased since the distance of the ground plane edges from the monopoles has decreased. In Fig. 3 we plot the differences between the power received for finite and infinite ground planes. We note that the amplitude of the difference in power increases as the wavelength becomes larger; this occurs because the received signal is larger and has a maximum difference about +/-1 dB over most of the frequency band 
C. Measurements
In Fig. 4 we show the measured power and the simulated power received by a receiving monopole from the transmitting monopole over the square ground plane. We note that over most of the range the agreement is good with differences of only about 1 dB.
Conclusions
We have presented a theoretical and computational discussion and conducted measurements of the power received by a receiving monopole from a transmitting monopole, both on a finite ground plane. We examined the refection from the edges of the ground plane for several monopole separations and showed that the primary reflections were from the center of the front and side edges of the ground plane. These reflections produced a quasi-sinusoidal variation of the received power when superimposed on the power that would be received, had the ground plane been infinite. We also showed that the simulations and measurements were in good agreement. The obstacles that arise when trying to measure the gain of an antenna with the HP 8510 network analyzer when the transmitting antenna is a distance away are removed, thus simplifying the experiment.
